11 CO 2 tracer is used to facilitate plant biology research towards optimization of plant productivity, biofuel development and carbon sequestration in biomass. Positron emission tomography (PET) imaging has been used to study carbon transport in live plants using 11 
I. INTRODUCTION
S the first physiological studies using short-lived radioisotopes were in plant physiology before medical applications, a renewed interest in radioisotopes for plant ecophysiology can benefit from improved imaging techniques. Radionuclide imaging has for over half a century been providing insight into biological processes pertinent to Manuscript medical health care. Recently specialized radionuclide imaging systems have been developed to accomplish specific radioisotope imaging tasks for nuclear medicine and biomedical research.
We are collaborating on detector development to aid plant biology research involving plant ecophysiological and microbial research and to test and use the technology in current and proposed plant research on determining the direct impact of CO 2 on biomass and carbon sequestration changing environment (or with global change).
The
11 CO 2 tracer is favored for use in plant biology research. Positron emission tomography (PET) imaging has been used to study carbon transport in live plants using 11 CO 2 . Radiotracer studies utilizing a small two-headed PET system for plant research are underway at the Phytotron at Duke University and use the TUNL tandem Van de Graaff accelerator [1, 2] . Instrumentation originally developed for small animal PET has been modified for imaging 11 C in plant research as currently undertaken at Institute Phytosphere, Forschungszentrum Jülich in Germany [3] . Another twoheaded planar PET plant imaging system for 11 C has also recently been described by a research group in Japan [4] . At Brookhaven National Laboratory researchers have used a clinical human PET scanner to track the distribution of 11 C labeled metabolites in plants in response to environmental changes [5] . From these examples it is clear there is a strong interest in using 11 C for plant biology research.
Many plants typically have very thin leaves resulting in little medium for the emitted positrons to undergo an annihilation event. For the emitted positron from 11 C approximately 1 mm of water equivalent material is needed for a positron annihilation as the end point energy of the 11 C positron is 0.96 MeV. Thus most of the positrons do not annihilate inside the leaf of the plant, resulting in limited sensitivity of the PET images. With these PET imaging limitations in mind we have developed a compact beta-plus beta-minus particle (BPBM) imager for 11 CO 2 leaf imaging. This is an expansion of our earlier effort using plastic scintillators coupled to a 110 cm diameter Hamamatsu R3292 PSPMT. In that work we used a rose leaf whose stem was placed for 90 minutes in a solution containing 18 F radioisotope [6] . Please see Fig. 1 . The positron emitting 18 F is often used as a surrogate for water to study short-term dynamics of water transport [7] . The BPBM detector is based on a single Hamamatsu H8500 multi-anode position sensitive photomultiplier tube (PSPMT) optically coupled via optical grease and a 3.18 mm thick glass plate to a 0.5mm thick Eljin EJ-212 plastic scintillator [8] . Rexon RX-688 optical grease was used on all optical surfaces [9]. The exposed surface of the plastic scintillator was encased in diffuse white Millipore paper. Photographs of the detector are shown in Fig. 2 . We use a four-channel readout for the detector head [10] . The readout and image formation are accomplished using a Jefferson Lab developed FPGA-based ADC interfaced to the PC via USB2 and a Java based data acquisition system [11, 12] . Final assembly and phantom testing of the device were accomplished at West Virginia University. An arrow shaped phantom was constructed using 2mm diameter molecular sieve beads placed on a 5mm grid (see top of Fig. 3 ). The beads were soaked with fluorine-18 solution. The phantom was sealed with a Saran Wrap type thin plastic wrap. Test images were obtained by placing the detector in contact with the plastic wrap covered beads.
III. RESULTS
The plot shown in the bottom of Fig. 3 is a profile through four beads in the row of beads (right to left) placed at 45 deg (7.1mm spacing). The estimated resolution (including 2mm bead size) is ~3mm FWHM. The detection efficiency was measured to be ~14.5 %. The PSPMT-based detector is housed in a 4.75 mm thick aluminum housing. The PSPMT frame and window frame are made from black Delrin from DuPont. A 0.05 mm thick Tedlar film from DuPont is used as a light tight entrance window. The detector is attached to a flexible arm to allow its placement on the area of the plant of interest to the researcher. This compact system allows for easy placement of the detector in plant environmental growth chambers. Please see Fig.4 . The BPBM detector was used to monitor the uptake of 11 CO 2 by the spicebush shrub (Lindera benzoin). The spicebush is a native shrub used in studies comparing a co-occurring invasive species 11 CO 2 carbohydrate translocation and utilization. In tests at the Duke University Phytotron we introduced 11 CO 2 in to the plant through one of its leaves through a cuvette, which was sealed around half of one leaf (see Fig. 5 .) In this preliminary study all signal stayed in the leaf. The 11 CO 2 was absorbed by the leaf through photosynthesis and incorporated into carbohydrates. Here we saw little evidence of translocation out of the leaf. Thus, we removed the leaf from the cuvette and placed it in near contact with the active area of the BPBM detector. The resulting image (see Fig. 6 ) confirmed the accumulation of radiolabel in the leaf apart from the surrounding labeled air. The lack of export out of the leaf may have been because of saturated sinks elsewhere or, more likely, because of the labeling cuvette being sealed too tightly around the leave preventing carbohydrate export. A close gas loop system is necessary for these types of measurements and development is underway to address this. 
IV. DISCUSSION
Based on the experience with studies described above we further modified the BPBM to make it more suitable for plant studies. The enclosure was made flatter and with less dead space at the front edge (see Fig. 7 ). Additionally the surface of the enclosure was made reflective to reduce its interference with light to the plant thus impacting photosynthesis when positioned near the leaves of a plant. Additional studies were made with the modified detector and are being analyzed and will be reported on in a future publication.
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